Abstract -In order to handle the model uncertainty and the external disturbance, a robust attitude control method for helicopter robots is proposed in this paper. Unscented Kalman Filter (UKF) and backstepping technique are adopted in the attitude control design. Model-based backstepping control is presented to keep the desired helicopter attitude. UKF is employed for online estimation of both motion states and model errors of the helicopter. Such estimation results are further incorporated into the controller of helicopter. The backstepping control enhanced by real time model errors feedback can achieve a robust tracking performance even with the occurrence of external disturbance. Simulations conducted on the helicopter illustrate the effectiveness of the proposed attitude control.
I. INTRODUCTION
Unmanned Aerial Vehicles (UAVs) have become a fundamental area in the field of robotics research during the last 15 years [1] . Helicopters have significant advantages over fixed-wing UAVs because they take off and land vertically, they have the ability to hover and fly in low altitudes. However, helicopters are inherently unstable without closed-loop control, different from other mechanical systems that are naturally passive or dissipative [2] . Moreover, the helicopter works in the environment with time-varying disturbances and contains mismatch model errors associated with neglected dynamics. Therefore the research to enhance the robustness of helicopter control system is complicated and competitive.
Attitude control for helicopters is an important control topic to meet high-accuracy performance on pointing requirement. Conventional methods of helicopter attitude control involve linearizing the dynamics around an equilibrium point, and then they use the utmost of control technology of linear system to design the controller [3] [4] . Current research results shows many researchers apply nonlinear technologies such as adaptive control [5] , state-dependent Riccati equation (SDRE) control [6] , fuzzy gain-scheduler control [7] to solve this problem. As a Lyapunov based design method, backstepping not only offers minimalistic design for dealing with nonlinearities, but also guarantees Lyapunov stability [8] .
Thus backstepping has applied more to dealing with the helicopter attitude control [8] [9] . But the performance of backstepping control is degraded by model uncertainties and time-varying unknown perturbations.
In this paper, an UKF based backstepping control is proposed to control the unmanned helicopter attitude. The UKF is used to estimate the model error or external disturbance in real time. The active model is further integrated into the normal backstepping control to enhance it with the ability of reconfiguring itself adaptively according to the current model errors information. Extensive simulations are conducted with respect to the dynamics of a helicopter to verify the proposed scheme.
II. HELICOPTER ATTITUDE DYNAMIC
Assuming that the flight positions and velocities along the x-, y-and z-axes are very small, the attitude dynamics of the helicopter can be derived from the six degrees of freedom [, ] . The differential equation governing the attitude dynamics of helicopter under the assumption of ideal rigid body can be described as: 
where p, q and r are the fuselage coordination system angular velocity components; and are Euler angles, that is, fuselage attitude angles; I x , I y and I z are the inertia moments of the helicopter; L, M and N are aerodynamic moments about the centre of gravity and they can be expressed as 
f is the system external disturbances or the uncertainty and y is the system output.
III. UKF-BASED JOINT ESTIMATION

A. UKF of nonlinear system
Instead of propagating the Gaussian variables through the first-order linearization of nonlinear model as EKF does, the UKF uses the nonlinear model directly by means of Unscented Transformation (UT). The UT approximates the state distribution with a finite set of points, named sigma points (shown in Fig.1 ). The sigma points are calculated from the a priori mean and covariance.
Let x denote a n-dimension stochastic variable with the mean of x and the covariance of x P . The UT propagates x through a nonlinear function y=f(x) to calculate the mean ( y ) and covariance ( y P ) of the output y. The UT includes the following steps (also shown in Fig.1 ).
Definition of Sigma Points:
The distribution of x is approximated by a finite set of points named sigma points. The sigma points are calculated from the a priori mean and covariance of x using:
where (·) i is the ith row of matrix (·) and
is a scaling parameter. Spread of Sigma Points: The constant in (8) determines the spread of the sigma points. Constant is used to incorporate part of the prior knowledge of the distribution of x (for Gaussian distributions, is optimal).
The UKF is a straightforward extension of the UT approach to the recursive estimation. Consider the general discrete nonlinear system:
where n k R x is the state vector,
is the output vector at time k. w k and v k are, respectively, the disturbance and sensor noise vector, which are assumed to Gaussian white noise with zero mean. The UKF for state estimation is given as follows. Initialization 
Sigma Points Calculation and Time Update
where Q w and Q v are the disturbance and sensor noise respectively, and 
B. Joint Estimation for Helicopter
In this section, the UKF-based estimation is utilized for the modeling of helicopter dynamics by means of joint estimation, which estimates the parameters of a nonlinear system in the same way as estimating the state. The model uncertainty and external disturbance are the parameters which need to be estimated by UKF.
Extended from (9), the dynamics with AEFs can be written as:
Since the dynamics of k f is unknown, it is assumed as a non-correlated random drift vector, and w bk is the Gaussian white noise with zero mean.
In UKF-based joint estimation, an augmented vector is defined as a combination of state and parameter to be estimated, i.e.,
, then (13) can be rewritten as:
The UKF-based state estimation introduced in Section A can then be applied to this augment equation. It should be pointed out that even in linear system the state and parameter joint estimation might be nonlinear.
IV. UKF-BASED BACKSTEPPING CONTROL
A. Classic Backstepping Control
To develop the model-based attitude control, we define error variables , where is virtual control law. Then we have
2 2 x z Choose the virtual control law as
where
Substituting (15) into (14), we obtain
The first term on the right-hand side is negative. Next what we will do is to cancelled the second term.
Consider the Lyapunov function candidate 
T T T T T T T (21)
The input control u is proposed as follows
If f is known, then the closed-loop system is stable. But in most situations the model uncertainty and external disturbances are unknown. Then the control performance will be degraded, and even will lead to system unstable. In the next section, we will solve the problem.
B. Enhanced Backstepping Control
The structure of the enhanced backstepping control is shown in Fig.2 . The outputs of UKF-based estimation introduced in section 3 are fed to the controller. The 'noise-free' states and the f estimated by UKF are provided to the classic backstepping controller which make it adaptively tracking the variation of the model uncertainty and external disturbances of the system.
V. SIMULATIONS
In this section, the proposed UKF-based enhanced backstepping control algorithm is verified with respect to the dynamics of an unmanned helicopter.
A. Model for Simulations
The helicopter attitude model of (1) is used in our simulation, which is described by [10] . The parameters in the attitude dynamics of (1) are selected as Table 1 . -0.01
A. The UKF Settings
The augmented state and the measurement vector are respectively selected as: Q can achieve good estimation performance of the f .
C. Simulation Results and Performance Evaluation
The UKF-based joint estimation of both state and the model errors (or disturbance), as well as the UKF-based backstepping control, are tested.
To evaluate the performance of the control scheme of 
The variation of model errors are assumed to be totally unknown to the estimator, so the noise-driven UKF like (13) is used for the estimation.
The estimated model errors and also their actual values are shown in Fig.3 . It can see that the UKF gives quite satisfactory results. When the model errors changing, the UKF reacts quickly and tracks the rapid changes successfully. Fig.4 illustrates the attitude outputs while model errors existing, with respect to the backstepping control with and without UKF-enhancement. We can see that, the tracking errors of classic backstepping control (without UKF estimation) are much more significant than those by the backstepping control enhanced by UKF. This is due to the fact that the reference model of classic backstepping control is totally unconscious to the existence of model errors. As for enhanced backstepping control, the tracking errors due to the model errors are quickly overcome by the active parameter updates involved in the reference model, and the tracking performance is almost the same after a short period (~ 1 seconds) of adaptation.
VI. CONCLUSION
The UKF-based joint estimation is used for online modeling both the motion state and model errors of a helicopter. The active model is further incorporated into the classic backstepping control. Simulations on the attitude dynamics of 
